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 Wave power in the French Atlantic coast is assessed using a 58-year series of data
 Considerable wave energy power is detected similar to nearby areas
 Large inter-annual and intra-annual variability of wave power is found
 The power output for 2 WECs (Wave Dragon and Pelamis) is computed
 Points with greater wave power are not necessarily those with greater WEC output
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14 In this paper, the wave energy potential in the western coast of France is assessed, 
15 analyzing 58 years of data from numerical models at 10 points located between latitudes 
16 43º30’N and 47ºN. The study focuses on the temporal variability at different scales (monthly, 
17 seasonal and inter-annual). The northern part of this stretch is the most energetic (wave 
18 powers greater than 22 kW/m), with a decrease of the wave power southwards. The results 
19 show that both the wave power resource and the energy output of two wave energy 
20 converters (WECs) at the Atlantic coast of France have strong intra-annual and inter-annual 
21 variability. From one year to another the wave power may present variations of up to 200%, 
22 and the WEC energy output may almost double. These results illustrate that the average 
23 mean power alone is not sufficient for adequate wave resource quantification, and it is 
24 necessary to consider the intra-annual and inter-annual variability of the wave power and the 
25 WEC output when analyzing the potential installation of a wave energy farm in a certain area. 
26
27 1. Introduction
28 The European Union (EU) countries, which have limited fossil fuel deposits, consume one 
29 fifth of the world’s oil and gas supplies, spending billions of euros every year to buy those 
30 commodities from third countries [1]. In 2009 the EU adopted the directive 2009/28/EC, 
31 which stipulates that by 2020, 20% of EU final energy consumption must be obtained from 
32 renewable sources and the greenhouse gas emission should be reduced by 30% [2]. To 
33 achieve this goal, in the last years renewable energies have been boosted in European 
34 countries, increasing their share of gross energy consumption from 5% in 1999 to 14.9% in 
35 2013 [3]. 
36 Marine renewable energy sources are among the most auspicious due to their higher power 
37 density [4] and the existence of large water areas, which can be used to develop extensive 
38 marine energy parks [5]. In particular, wave energy may be harvested in many more potential 
39 sites than tidal energy, which needs strong currents generally restricted to a small number of 
40 coastal areas like estuaries or shallow-water straits [6-7].
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41 The Northeastern Atlantic area presents one of the largest wave energy resources in the 
42 world [8] exceeding 40 kW/m in many areas [9]. In this region, wave power has been studied 
43 around islands like the Canary Islands [10-12], Madeira [13-14], Azores Islands [15] or British 
44 Isles [16-17], and in the continental coasts of Africa [18] or Europe, mainly in Portugal (e.g. 
45 [19-21]), Spain (e.g. [6,22-24]) and France [7,25-26], or larger areas covering several 
46 countries [5,27]. These analyses have confirmed the high wave energy potential of the north-
47 western European shelf area. Despite wave energy being subject to strong seasonal and 
48 inter-annual variations [27], most of these studies have focused only on the mean energy 
49 potential, devoting less attention to its temporal variability. However, these fluctuations of the 
50 energy resource can appreciably reduce the efficiency of a device designed to work under 
51 average conditions [28-29].
52 Therefore, resource variability can play an important role in the cost-efficiency balance [30], 
53 and it is also a decisive factor for selecting adequate locations from a technical standpoint 
54 [31]. An ideal wave energy plant would supply relatively constant power throughout time, but 
55 this is precluded by the resource’s temporal variations [32]. The considerable uncertainty 
56 associated to inter-annual and inter-seasonal variability of the wave power resource is one of 
57 the factors that is slowing down the progression of full scale prototypes and pre-commercial 
58 devices towards commercial arrays of wave energy converters (WECs) [4,33].
59
60 As pointed out in several studies [29,34-35], one of the main disadvantages of wave energy, 
61 given the random nature of waves, is its large variability at different time scales (wave to 
62 wave, sea state, monthly, seasonal and inter-annual variations) [30]. In addition, a recent 
63 study has stated that, due to temporal variations, the areas with high amounts of wave 
64 energy are not necessarily the optimal locations for wave energy harvesting [28].
65
66 Different researchers have studied wave climate variability at several temporal scales (e.g. 
67 [30,36-39]), although most of them are based on periods of a few years, which are too short 
68 to capture the inter-annual variability during the entire life cycle of a WEC. Nevertheless, 
69 some studies have pointed out decadal changes in wave height based on satellite 
70 observations and numerical data (e.g. [28,30,32,38]).
71
72 This study presents an assessment of the wave power resource using a long time series of 
73 wave data (58 years) and focusing on the variability of such resource at different time scales 
74 (monthly, seasonal and inter-annual). In addition, it analyzes the inter-annual variation of the 
75 wave energy output provided by two WECs. The research is focused on a stretch of the 
76 Atlantic French coast, the Bay of Biscay, in the area between Brittany and the Spanish 
77 border. Several previous studies have assessed the wave resource potential in nearby 
78 areas: the southern area of this Bay in the Spanish coast [20,24] and its northern part in the 
79 Sea of Iroise around Brittany [7,26]. Other studies [25,27] have assessed the wave power 
80 resource in the same area, but they use shorter time series of wave data (3 and 7 years 
81 respectively).
82
83 The paper is structured as follows: In Section 2, the used data and methodology are detailed, 
84 while in Section 3 the wave data are analyzed. In Section 4 the average (in the 58-year 
85 period) results of wave power and WEC performance in the study area are presented. In 
86 Section 5 the same results are analyzed taking into account the temporal variability at 
87 different scales. Lastly, in Section 6 the main conclusions of this work are summarized.
88 2. Data and methods
89
90 2.1. Study area and available wave data
91
92 The Bay of Biscay is a gulf of the northeast Atlantic Ocean stretching along the western 
93 coast of France and the northern coast of Spain. In this study, only the French coast of this 
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94 bay located south of Brittany is analyzed. The study area includes the Atlantic coast of 
95 France between latitudes 43º30’N and 47°N.
96
97 The data used for this study were provided by the Spanish Harbour Authority (Puertos del 
98 Estado) and correspond to the 58-year SIMAR database. This database consists of two 
99 subsets: the first one (1958-1999) includes hindcasting wave data obtained during the 
100 European HIPOCAS project [40-41] using the WAM numerical model [42], which was fed by 
101 the winds given by the REMO regional circulation model (RCM) [43]. This RCM was forced 
102 by the global reanalysis performed by the U.S. National Centers for Environmental Prediction 
103 (NCEP). The spatial resolution of the HIPOCAS database is 0.25º X 0.25º, while the time 
104 interval between data is 3 h. The different parameters involved in the simulation process 
105 have been widely validated [41,44-45]. This simulation has some limitations in terms of 
106 properly reproducing certain storm events, but it generally replicates mean values quite well 
107 [46]. This database was validated by [41] using measured data from wave buoys at different 
108 points of the Atlantic European coast. For the Bay of Biscay they found values of the bias 
109 between -0.003 and -0.631 for the significant wave height (Hs) and between -0.136 and 
110 0.320 for the mean wave period (Tm). The scatter index for Hs ranged between 0.261 and 
111 0.460 and between 0.160 and 0.185 for Tm. The Pearson’s correlation coefficient varied 
112 between 0.899 and 0.960 for Hs and between 0.774 and 0.826 for Tm. In addition, data from 
113 the HIPOCAS database have been used to assess the wave energy resource in different 
114 areas (e.g. [6,11,23-24]). 
115
116 The second subset of data (2000-2015) is a forecasting wave climate database generated 
117 also using the WAM model [42], but in this case the RCM used is the HIRLAM model [47], 
118 which is run by the Spanish Meteorological Agency. For each time step, the model provides 
119 wind and pressure fields consistent with the previous evolution of modeling parameters and 
120 with physical observations. This data subset has also been used in previous studies of the 
121 wave energy resource [48]. In this line, hindcasted wave data have been widely used to 
122 assess wave energy potential (e.g. [8,28,49]).
123
124 The analysis of the wave energy is focused on 10 points distributed between the 
125 aforementioned latitudes and whose location is shown in Figure 1. All the points have been 
126 selected trying to minimize the distance to the coast (which ranges between 8 and 47 km) 
127 and having a minimum water depth which allows the WEC deployment (all of them are 
128 located at depths greater than 50 m with two exceptions: P4 at 38 m and P9 at 40 m. Other 
129 points located farther from the coast could have been selected for the analysis, because their 
130 energy potential should be greater due to less wave dispersion (both in direction and 
131 frequency) and bottom friction. Nevertheless, the larger the distance to the coast, the greater 
132 the costs of the connection to the grid, since more cable is necessary and, in addition, the 
133 points located farther offshore have larger water depths, increasing the mooring costs too. 
134 Therefore, for these farther points, it is necessary to make a balance between the costs and 
135 the energy harvested and this was not the goal of this work. For this reason, the analysis is 




140 The wave power (P) per unit width (units of kW/m) in deep-water is computed as a function 
141 of the seawater density (ρ, for which a value of 1025 kg/m3 is considered), the gravity (g), Hs 
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145 The value of Te depends on the spectral moments:
146







149 where m0 and m-1 are the 0-th order and -1th order spectral moments.
150 The SIMAR database does not provide information on spectral moments or Te. For this 
151 reason, Te is assessed from the peak period (Tp) following [49], as:
152
153       (3)e pT T 
154 where α is a coefficient whose value depends on the wave spectrum shape, varying between 
155 0.86 (for wide-band spectra) and 1 (for narrow-band spectra). In the studied area, both types 
156 of sea states (sea and swell) are relevant, so a wide range of coefficient α values can be 
157 expected. In this work, following the suggestion of [49], a value α = 0.9 (which can be 
158 considered conservative) was adopted to compute the wave power.
159 For some sea states (those with longer periods) the deep-water assumption is not fulfilled 
160 and, therefore, the use of equation (1) introduces certain inaccuracy. Despite this, 
161 considering the uncertainty contained in equation (3) and the conservative value of α 
162 assumed to compute Te, the error committed when using (1) in these cases can be deemed 
163 admissible. Therefore, the mean wave power at each point can be computed using equations 
164 (1) and (3) for each one of the 58 years and for the total time span.
165
166 Besides the available average wave power, another aspect to take into account when 
167 considering a site for WEC installation is the temporal variation of energy at different scales 
168 (daily, monthly, seasonal and annual). Locations with smaller oscillations of the energy flux 
169 are better for this purpose than those with highly variable wave conditions, because the 
170 energy supply is more constant and the device efficiency improves. In addition, as pointed 
171 out in [28], the feasibility of wave energy harvesting projects resides in the optimum design of 
172 WECs, which should take into account the variability of the resources and not be based 
173 solely on their mean value.
174
175 In this work, the temporal variability of wave power at each point is estimated using the three 
176 coefficients proposed by Cornett [49]: the coefficient of variation (COV), the seasonal 
177 variability index (SV) and the monthly variability index (MV). The first one analyzes the 
178 temporal variability of the wave power time series by obtaining the ratio between its standard 
179 deviation and its average value. SV computes the variability on a seasonal basis as the ratio 
180 between the difference of the average wave power for the highest-energy and the lowest-
181 energy seasons over the annual mean wave power. Finally, MV estimates the variability on a 
182 monthly basis by making computations similar to those of SV but using the average wave 
183 power of the highest-energy and the lowest-energy months. For each coefficient, the greater 
184 its value the larger the temporal variability associated to its time scale.
185
186 In addition, and considering the long-term data set available, an equivalent index is 
187 introduced to assess annual variations. The annual variability index, AV, is defined thus as:
188








191 where Pyear is the yearly mean wave power, PY,max is the mean wave power for the highest-
192 energy year and PY,min is the mean wave power for the lowest-energy year of the analyzed 
ACCEPTED MANUSCRIPT
5
193 period, in this case 58 years. The greater the value of AV, the larger the annual variability, 
194 being AV = 0 the ideal value, since it would mean that each year has the same amount of 
195 wave power.
196
197 Besides the temporal variability, another essential consideration for the installation of a wave 
198 energy farm is the quantity of wave energy yielded by a WEC. This depends not only on the 
199 available wave energy, but also on how this energy is distributed between energy bins, which 
200 are defined by intervals of Te and Hs [13]. The reason for this is that each WEC has a 
201 different power matrix, which indicates the amount of energy harvested for each bin. 
202 Therefore, each WEC has its best performance for a certain range of wave heights and wave 
203 periods and, at a given location, some WECs will be more suitable than others, depending on 
204 the characteristics of the waves. The energy output of a WEC for a particular energy bin is 
205 obtained by multiplying the number of hours per year corresponding to this bin by the electric 
206 power provided in the WEC’s power matrix for the same bin. The total annual energy yielded 
207 by the WEC is obtained by adding the energy output of all the bins. 
208
209 Herein, the energy harvested is assessed for two WECs in an advanced development stage: 
210 Pelamis [50], whose principle is attenuator, and Wave Dragon [51], whose principle is 
211 terminator. Their efficiency can be estimated through the capacity factor, which is an index 
212 giving the ratio between the average electric power yielded by the WEC and its maximum 
213 rated power. Both magnitudes (wave energy output and capacity factor) are computed for 
214 each year and also as the average of the whole studied period.
215
216 3. Analysis of wave data
217
218 Previously to the wave power assessment, the main wave features in the study area are 
219 analyzed. In Figure 2, the mean Hs and Te for the 58-year period at the 10 studied points are 
220 plotted. The results shown in this figure indicate that the largest Hs are located in the 
221 northern stretch of the studied area and the lowest at the south, while the central section 
222 presents intermediate values. On the contrary, the mean energy period tends to increase 
223 southwards.
224
225 The Hs mean values are around 1.80 m in the northern sector (points P1 to P3), slightly lower 
226 than 1.70 m in the central stretch (points P4 to P7) and between 1.62 m and 1.52 m in the 
227 south (points P8 to P10). As regards Te, the lowest mean value is found at P1 with 8.6 s, 
228 gradually increasing to the south, with a maximum value of 9.2 s at P10. This suggests that 
229 swell waves increase their presence towards the southern sector.
230
231 The inter-annual variability of Hs and Te is illustrated in Figure 3, in which the average value 
232 of both parameters at each year of the 58-year period is shown for two points, P1 and P5. 
233 Significant changes of the mean Hs are observed, since its values range between 1.37 m and 
234 2.13 m at P1 and between 1.39 m and 1.97 m at P5. Therefore, the values of the average Hs 
235 may vary up to 42% (P5) or 55% (P1) from one year to another. On the contrary, the inter-
236 annual changes in mean annual Te values are of less magnitude, oscillating between 7.9 s 
237 and 9.7 s at P1 (differences of up to 23%) and between 7.7 s and 10 s at P5 (differences up 
238 to 30%). Taking into account these values and that the wave power P is a function of the 
239 square of Hs, it is obvious that the inter-annual variations of P are mainly due to this wave 
240 height variability.
241
242 The intra-annual variability of Hs and Te is also analyzed at two different scales: monthly 
243 (Figure 4) and seasonal (Figure 5). The Hs follow a similar pattern in all points, with maximum 
244 values in the winter months (January, December and February in this order), followed by 
245 November and March. On the contrary, from May to September, the values of Hs are 
246 considerably smaller. The ratio between the largest monthly-averaged Hs (January) and the 
247 smallest (July) ranges between 2.42 (at P1) and 2.12 (at P9). At a seasonal scale, the 
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248 greatest Hs take place in winter (with values between 2.54 m at P2 and 2.06 m at P9), while 
249 in summer the values are the lowest (between 1.15 m at P2 and 1.02 m at P9), as it could be 
250 expected. The ratios of maximum vs minimum seasonally-averaged Hs range between 2.23 
251 at P1 and 2.02 at P9). In spring and autumn, the average values of Hs are very similar at all 
252 the points, being intermediate between those of summer and winter, with values between 1.5 
253 m and 1.8 m. A general trend of decreasing mean values of Hs from North to South is 
254 observed, indicating that the northern points receive more energetic waves.
255 With regard to Te, the monthly patterns are similar to those of Hs, with greatest average 
256 values in winter (between 9.7 s and 10.7 s) than in summer (between 7.2 and 7.9 s) and 
257 intermediate values in spring and autumn. The main difference with respect to Hs is that, in 
258 this case, an increasing trend of all the seasonally-averaged values of Te is observed 
259 southwards in consistence with the mean annual values (Figure 2). This seems to confirm 
260 the increasing presence of swells towards the southern sector of the studied area.
261 The wave roses at four points (distributed along the studied stretch) are plotted in Figure 6, 
262 showing the directional distribution of Hs. Almost all the waves in this area come from the 
263 sector between the W and NW, although a progressive turning of the wave direction from W 
264 to NW is observed when going to the south. Thus, at P1 39% of the waves are from the W 
265 and 27% from the WNW, while at P5 25% are from the W, 48% from the WNW and 14% 
266 from the NW. At P8, 57% of the waves come from the WNW and 27% from the NW and at 
267 P10, 44% are from the WNW and 47% from the NW.
268
269 4. Assessment of the average wave power and energy output
270 In this section the results are obtained considering the complete data set (58-year series) 
271 and computing average values representative of the entire period. These mean values will be 
272 compared with those accounting for the inter-annual variability, which will be presented in the 
273 next section
274 The average wave power for the entire period at all the studied points is presented in Figure 
275 7 and Table 1. The wave power is comparable at all points, although the three northernmost 
276 locations have slightly larger values, with the mean wave power ranging between 22.6 and 
277 23.8 kW/m. The other points (with the exception of P9 with 17.5 kW/m) have similar wave 
278 power values, varying between 19.7 and 20.8 kW/m. These values are consistent with those 
279 found in the SE Bay of Biscay (northern Spanish coast) in [24], where an average wave 
280 power of about 25 kW/m was computed. They are also coincident to those obtained by [7] in 
281 Brittany (at the north of this study area), who found values between 15 kW/h in coastal areas 
282 and 40 kW/m offshore, and [25] in this area, where the wave power ranged between 20-25 
283 kW/m.
284
285 Besides the average energy available, a crucial aspect for evaluating the suitability of a 
286 particular site for WEC deployment is the energy that can be harvested by an installed 
287 device. As indicated in Section 2.2, this energy output depends on how the resource is 
288 distributed among energy bins. For this reason, the scatter diagrams of Hs and Te have been 
289 determined for the 10 locations to compute the energy output. In Figure 8, some of these 
290 scatter diagrams are shown.
291
292 In Figure 8, the total annual energy (in MW h/m) that could potentially be harvested from 
293 each sea state (at intervals of 0.5 m for Hs and 1 s for Te) is shown. These plots allow 
294 identifying the bins with the greatest energy potential. At all points the largest-energy source 




297 Using the scatter diagrams and the WEC power matrices (which were obtained from Ref 
298 [14]), the energy output of both WECs can be computed. These values are summarized in 
299 Table 1 and plotted in Figure 9.
300
301 From the analysis of Figure 9 and Table 1, differences between both WEC outputs can be 
302 observed. The energy delivered by the Wave Dragon ranges between 15.7 and 17 GW h per 
303 year, while for the Pelamis the energy harvested is about 1 GW h per year. The highest 
304 annual energy output for both the Pelamis and the Wave Dragon WECs correspond to the 
305 three northernmost points (those with the largest wave power), although locations P5 and P6 
306 yield also similar energy output for the Wave Dragon. The Pelamis converter shows a clear 
307 decreasing productivity from north to south (with the exception of point P4), while this trend 
308 does not exist for the Wave Dragon, for which the central stretch of the studied area yields 
309 energy levels similar to those of the northern sector.
310
311 To conclude the analysis of the average values, the average capacity factor (during the 
312 entire period) for both WECs is assessed as a measure of their efficiency. The values of 
313 these capacity factors are presented in Figure 10 and Table 1. In the northern and central 
314 parts of the studied coast, the Wave Dragon attains capacity factors greater than 26.7% 
315 (except at P4 where it only reaches 25.4%) decreasing towards the south, with values 
316 between 23.9% and 25.9%. The capacity factors for the Pelamis are lower ranging between 
317 11.9% and 16.3%, showing the same decreasing trend from north to south.
318
319
320 5. Assessment of the intra-annual and inter-annual variability
321
322 Besides the spatial distribution of the wave energy shown in Figure 7, it is also interesting to 
323 examine the temporal variability of the wave power. Since a long time series of data is 
324 available (58 years), in this section the wave power variations along the full series are also 
325 analyzed at different time scales (monthly, seasonal, yearly).
326
327
328 5.1. Intra-annual variability
329
330 In Figure 11, the monthly wave power (averaged over the 58-year period) at the 10 analyzed 
331 points is shown. The largest values of energy power are observed in the winter months 
332 (December-February), being maximum in January (values between 35.4 kW/m at P9 and 
333 50.4 kW/m at P2). In the summer months (June-August) the wave power has its minimum 
334 values, being July the less energetic month (values between 5.1 kW/m at P9 and 6.4 kW/m 
335 at P2). March, October and November are also fairly energetic, with powers between 19 
336 kW/m and 31 kW/m), while May and September are rather mild (between 9 kW/m and 12 
337 kW/m) and April is a month of transition (wave powers between 15 kW/m and 18.6 kW/m). 
338  
339 The seasonal wave power (averaged in the 58-year period) at the 10 study points is shown in 
340 Figure 12, confirming the marked seasonal character of the wave energy in the study area. 
341 Thus, on average, 48% of the annual wave power is concentrated in winter, 23% in autumn 
342 (September-November), 22% in spring (March-May) and 7% in summer. These results stress 
343 the large seasonal variability since the wave energy potential is almost seven times larger in 
344 winter than in summer.
345
346 Therefore, four periods with different wave power features can be differentiated during the 
347 year: an energetic period from November to March, with monthly averages greater than 24 
348 kW/m at all the points and about 70% of the annual wave energy; a mild interval from May to 
349 September with monthly averages lower than 12 kW/m at all the points and 15% of the total 
350 wave power; and two periods of intermediate wave energy conditions (October and April) 
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351 with monthly averages between 15 kW/m and 23 kW/m depending on the point and 
352 representing about 15% of the annual wave power.
353
354 To complete this Section, the variability coefficients mentioned in Section 2.2 have been 
355 calculated and their values are presented in Table 2 and Figure 13. The four coefficients 
356 COV, SV, MV and AV show a decreasing tendency from the north to the center of the study 
357 area and an increase from this to the south, with some exceptions. In particular, the temporal 
358 variability at point P4 is larger for all the time scales than the variability at its neighbouring 
359 northern point P3. In the same way, P9 presents a temporal variability slightly lower than P8 
360 at monthly and seasonal scales and greater than P10 at annual time scale. In general, the 
361 temporal variability is large, with values of COV ranging between 1.76 and 1.84, MV from 
362 1.72 to 1.86 and SV from 1.57 to 1.70. AV varies between 0.91 and 1.09, except at P5, 
363 where a surprisingly low value (0.77) is obtained. 
364
365 5.2. Inter-annual variability
366
367 The yearly fluctuations are illustrated in Figure 14, which shows the average annual wave 
368 power for each year of the series at two points, those presenting the highest and lowest inter-
369 annual variability (P1 and P5, respectively). This figure is complemented by Table 3, in which 
370 the mean annual energy values for the full 58-year period, the most energetic year (PY1), the 
371 less energetic year (PY58) and the ratio of the two latter values (PY1/PY58) are shown for each 
372 studied point. Figure 14 and Table 3 evidence the large inter-annual variability existing in this 
373 area, because the wave power potential at a given point in two different years may vary by a 
374 factor of up to three. It is interesting to notice that the inter-annual variation is minimal in the 
375 central sector (points P5 and P6, with ratios PY1/PY58 lower than 2.5). This variability 
376 increases towards the north and the south, peaking at both edges (values of PY1/ PY58 around 
377 2.7 or larger), being maximum at P1 (3.08).
378
379 To analyze this large inter-annual variability of wave power, box-whisker plots are used. The 
380 box-whisker plot describes a set of numerical data through their quartiles in a simple way. It 
381 consists of a box, whose edges are the upper (third) and lower (first) quartiles of the dataset. 
382 Inside the box there is a band indicating the median (or second quartile). Outside the box, 
383 there are two vertical lines (named whiskers) extending up to the minimum and maximum 
384 values found in the dataset.
385 One of these plots is presented in Figure 15, which shows the inter-annual variability. The 
386 range of variation between the maximum and minimum annual wave power is similar at all 
387 points, except at P1 and P2 where it is significantly larger and at P5, where it is smaller. At all 
388 points (except at P5), the years with wave power larger than the upper quartile are those with 
389 a greater range of variation. This indicates that the most energetic years are those showing a 
390 more irregular distribution of the wave power. On the contrary, those located between the 
391 second and the third quartiles and, in particular, those between the first and the second 
392 quartile are the years having a more similar wave power.
393
394 In addition to the year-to-year variation of the wave power, the month-to-month variation is 
395 also analyzed. In Figure 16, the results of the wave power for each month of every year are 
396 presented, for points P1 and P5. These results show that the months between April and 
397 September have a more regular behavior. On the contrary, the most energetic periods 
398 (January-March and October-December) present strong variations of the average monthly 
399 wave power, at both intra-annual and inter-annual scales. 
400
401 This strong intra-annual and inter-annual monthly variability is illustrated in Table 4 in which, 
402 for each point, the values of the maximum and minimum monthly wave power for the period 
403 of 58 years (696 months) are presented. The range of variation between extremes is very 
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404 large, varying for each point from minimum values lower than 2 kW/m to maximum values 
405 greater than 100 kW/m. In the northernmost points (P1 to P4) the ratio between the wave 
406 power of the most and the less energetic months is greater than 95, while in the other points 
407 ranges between 55 (P8) and 67 (P5). 
408
409 The intra-annual monthly fluctuations are also analyzed and summarized in the last column 
410 of Table 4, where the ratios between the most and the less energetic months in the same 
411 year are presented. This intra-annual variability is also very large, in particular for the stretch 
412 including points P1 to P4, where the average ratios range between 18.7 and 21.3, and the 
413 maximum ratios between 59.3 and 74. In the other points, the average ratio ranges between 
414 16.2 and 17.7, and the maximum ratios between 37.5 and 44.7. Both the inter-annual and 
415 intra-annual monthly variability present a general decreasing trend from north to south, from 
416 P1 to P8, where this trend reverses.
417
418 The seasonal inter-annual changes are shown in Figure 17, where the box-whisker plots for 
419 the seasonal wave power at each point are drawn. The largest variability is observed in 
420 winter followed by autumn, while in spring and, in particular, in summer the variability is 
421 significantly lower. As in the case of the yearly analysis, the greatest deviations are observed 
422 above the upper quartile, indicating again that the most energetic periods (i.e. with stronger 
423 storms) are those with the largest irregularity.
424
425 The information contained in Figure 17 is completed with Table 5, in which the seasonal 
426 variability of wave power is summarized, including the minimum and maximum values for 
427 each season in the 58-year period. For the studied interval, the maximum variability in winter, 
428 spring and summer wave power values is observed in the northern stretch of the study area 
429 (points P1 to P3), while the autumn variability is larger in the central area (points P5 to P7). 
430 On the other hand, as in the case of the monthly analysis, the most energetic seasons 
431 (winter and autumn) are also those having larger fluctuations in the wave power values, while 
432 the mildest one (summer) presents a more uniform behavior.
433
434 In addition, in Table 5 the ratios between the most and the less energetic seasons in the 
435 same year (i.e. winter and summer, respectively) are included. These ratios are greater at 
436 the northernmost stretch (points P1 to P4) and the southernmost point (P10), with average 
437 ratios exceeding 7, and maximum ratios greater than 16.5. At the other points (P5 to P9), the 
438 average ratios vary between 6.4 and 6.7, and the maximum ratios between 14.9 and 16.2.
439
440 The analysis of the inter-annual changes has been extended to the energy harvested every 
441 year by the two WECs considered in this study. In Figure 18, the box-whisker plots obtained 
442 at each point from the yearly values of the energy output from the two WECs are shown, 
443 while in Table 6 the maximum and minimum annual values and the ratio between them are 
444 included. These results present features that differentiate them from those corresponding to 
445 the wave power, in which the ratio between the most and the less energetic years varies 
446 between 2.2 and 3.1 depending on the site (Table 3). In the case of the energy delivered by 
447 the WECs, this ratio is considerably lower and ranges between 1.7 and 1.9 for the Pelamis 
448 and between 1.67 and 1.8 for the Wave Dragon.
449
450 Another noticeable difference observed with respect to the wave power is that the largest 
451 variability in the energy output is found below the lower quartile instead of above the upper 
452 one. This means that, unlike in the case of wave power, the years with less energy harvest 
453 present the greatest variability in energy output.
454
455 The reduction in the ratio between the most and the less energetic years and the largest 
456 variability in the milder years for the WECs energy output with respect to the wave power 
457 indicates that WECs act as a filter. Indeed, the most energetic sea states are included in the 
458 assessment of the wave power, but do not contribute to the energy production since they fall 
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459 out of the WEC operation range, and are only important to evaluate the survivability of the 




464 6. Summary and conclusions
465
466 In this study, the wave energy resource along the Atlantic coast of France between Brittany 
467 and Spain is estimated using a 58-year series of data from numerical modeling (hindcasting 
468 and forecasting).
469
470 The wave energy potential is assessed using data from 10 points located between latitudes 
471 43º30’N and 47ºN. The average wave power in the area is appreciable (up to 23.8 kW/m), 
472 while the average annual wave energy attains values up to 208.8 MW h/m, which is of the 
473 same order of magnitude as that found by other studies in nearby areas.
474
475 The spatial sharing of wave power along France’s Atlantic coast shows little variability, with a 
476 higher-energy sector in the northern part of this area (between latitudes 46ºN and 47ºN) and 
477 a decreasing trend southwards. Most of the energy is concentrated in sea states with Te 
478 between 10 and 12 s and Hs between 2 and 4 m. With respect to wave direction, the most 
479 energetic waves are from W, WNW and NW and a progressive turning of the wave direction 
480 from W to NW is observed when moving southwards.
481
482 The temporal variability of wave power (averaged over the 58-year period) along the study 
483 area shows a marked seasonal sequence, with an energetic winter (48% of the energy, on 
484 average), a calm summer (7%) and moderate-energy spring and autumn (with 22% and 23% 
485 respectively). There is also an appreciable variability on a monthly basis, with January, 
486 December and February being the most energetic months and July, August and June the 
487 mildest ones. 
488
489 The most relevant findings of this work are related to the importance of considering the 
490 temporal variability at different scales (monthly, seasonal and yearly) when assessing the 
491 wave resource. Thus, there can be a factor of up to three between the annual wave power 
492 evaluated at a same point for two different years. The intra-annual fluctuations are also 
493 remarkable, since the ratio between the wave power of the most and the less energetic 
494 months in the same year varies between 6 (minimum at P9) and 74 (maximum at P1), while 
495 the ratio between the wave power of the most and the less energetic seasons in the same 
496 year varies between 2.2 (minimum at P9) and 18 (maximum at P1).
497
498 If the inter-annual changes during the 58-year period are considered, the fluctuations in the 
499 wave power increase. Indeed, the ratio between the wave power of the most and the less 
500 energetic months at each point during the entire period ranges between 55 (P8) and 159 
501 (P1), while the ratio between the wave power of the most and the less energetic seasons at 
502 each point during the entire period varies between 24.5 (P5) and 36.3 (P1). Therefore, as 
503 pointed out by other authors [28,31] the average value of wave power over the entire dataset 
504 (58 years in this case) is only a rough indicator of the wave energy potential at a certain 
505 place. These results illustrate the need of considering the intra-annual and inter-annual 
506 variability of the wave power when assessing it for the potential deployment of WECs, 
507 because its magnitude may vary significantly not only from one month to another but also on 
508 a yearly basis. 
509
510 Finally, taking into account the power matrices of two WECs (Pelamis and Wave Dragon), 
511 the energy output is computed at the 10 studied points. The average annual energy 
512 production for the entire period is obtained, ranging between 0.79 GW h (P9) and 1.07 GW h 
513 (P2) for the Pelamis and 14.67 GW h (P10) and 17.02 GW h (P2) for the Wave Dragon. 
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514 Performing the analysis on a year by year basis, it is found that the inter-annual variability of 
515 the annual wave energy output generated by the two studied WECs is considerably lower 
516 (<1.9) than the fluctuations of the annual wave power (between 2.2 and 3). Another 
517 interesting result is that the largest variations in the annual energy output are concentrated 
518 below the lower quartile (i.e. in the less energetic years) instead of above the upper one (i.e. 
519 the most energetic years) as in the case of the annual wave power. This indicates that the 
520 most energetic sea states that are considered in the assessment of the wave power do not 
521 contribute to the energy generation because they fall out of the WEC operation range. This is 
522 a crucial point because the points with a greater wave power potential are not necessarily the 
523 best for WEC deployment in terms of energy output. Thus, for example, P1 yields the second 
524 greatest wave power value, but only the fourth largest amount of energy harvested by the 
525 Wave Dragon converter. Consequently, for the development of a wave energy project in a 
526 certain area, not only the wave power and its spatial and temporal variability have to be 
527 assessed but also the specific performance of a particular WEC at this place, including the 
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688 Figure 4. Monthly Hs (upper panels) and Te (lower panels) at the 10 studied locations, showing the average 





































































































































































































































































































































711 Figure 8. Energy roses and scatter diagrams indicating the different sea states' contribution to the total annual 







717 Figure 9. Annual average energy output (for the 58-year period) for both analyzed WECs: Wave Dragon (red) and 








724 Figure 10. Average capacity factors (for the 58-year period) for both analyzed WECs: Wave Dragon (red) and 
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754 Figure 15. Box-whisker plots of the average annual wave power (for the 58-year period) at each point, showing its 
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772
773 Figure 18. Box-whisker plots obtained at each point from the yearly values of the energy output for Pelamis (left) 


















Pelamis Wave Dragon Pelamis Wave Dragon
P1 23.27 203.85 1.05 16.71 15.98 27.25
P2 23.83 208.75 1.07 17.02 16.25 27.92
P3 22.62 198.15 1.02 16.94 15.59 27.62
P4 20.66 180.98 0.90 15.58 13.69 25.41
P5 20.79 182.12 0.96 16.60 14.63 27.07
P6 20.68 181.16 0.94 16.82 14.27 27.44
P7 20.63 180.72 0.91 16.38 13.82 26.71
P8 20.07 175.81 0.87 15.86 13.19 25.86
P9 17.50 153.30 0.79 14.99 11.95 24.45
P10 19.66 172.22 0.80 14.67 12.14 23.92
785
786 Table 1. Wave power, energy potential, annual average energy output and capacity factors for both analyzed 




Point COV SV MV AV
P1 1.84 1.70 1.86 1.09
P2 1.81 1.68 1.83 0.97
P3 1.79 1.66 1.80 0.92
P4 1.87 1.68 1.82 0.94
P5 1.76 1.59 1.73 0.77
P6 1.77 1.59 1.72 0.91
P7 1.79 1.60 1.73 0.95
P8 1.79 1.59 1.74 0.99
P9 1.78 1.57 1.72 1.05
P10 1.83 1.61 1.77 1.00
791







Point  Pyear (kW/m) PY1 (kW/m) PY58 (kW/m) PY1/PY58
P1 23.27 37.56 12.21 3.08
P2 23.83 36.49 13.40 2.72
P3 22.62 34.07 13.32 2.56
P4 20.66 31.84 12.35 2.58
P5 20.79 29.29 13.25 2.21
P6 20.68 31.97 13.12 2.44
P7 20.63 32.39 12.84 2.52
P8 20.07 32.22 12.41 2.60
P9 17.50 28.91 10.60 2.73
P10 19.66 31.22 11.64 2.68
797
798 Table 3. Wave power annual variability at each point, with the mean annual energy during the 58-year period 






Point PM1 (kW/m) PM696 (kW/m) PM1/ PM696 PMY1/PMY12 
P1 150.74 0.95 158.67 21.35 (7.05 , 74.05)
P2 144.17 1.19 121.15 19.91 (6.88 , 65.42)
P3 133.38 1.31 101.82 18.66 (6.43 , 59.34)
P4 124.09 1.30 95.45 19.36 (6.51 , 60.40)
P5 112.40 1.67 67.31 16.82 (6.30 , 44.66)
P6 116.00 1.81 64.09 16.41 (6.13 , 41.62)
P7 115.73 1.89 61.23 16.55 (6.21 , 40.14)
P8 112.70 2.04 55.25 16.29 (6.20 , 37.55)
P9 98.29 1.62 60.67 16.16 (6.07 , 40.26)
P10 111.36 1.71 65.12 17.71 (6.96 , 41.81)
805
806 Table 4. Wave power monthly variability at each point, with the maximum monthly energy in the 58 years (PM1), 
807 the minimum one (PM696), the ratio between both (PM1/PM696), and ratios between the most and the less energetic 
808 months in the same year (PM1/PM12), where the first value indicates the average of the 58 years and the values 







Point PWI (kW/m) PSP (kW/m) PSU (kW/m) PAU (kW/m) PS1/PS4 
P1 18.62 , 109.55 7.78 , 36.33 3.02 , 11.59 7.84 , 36.70 7.66 (2.44 , 17.92)
P2 19.84 , 104.45 8.10 , 36.12 3.24 , 11.57 7.69 , 39.26 7.40 (2.42 , 17.07)
P3 19.27 , 96.07 7.69 , 33.21 3.17 , 11.30 7.70 , 38.55 7.17 (2.41 , 16.53)
P4 18.15 , 90.42 6.83 , 30.89 2.85 , 10.22 6.63 , 37.00 7.33 (2.40 , 17.79)
P5 18.98 , 79.16 7.54 , 31.21 3.23 , 10.42 6.97 , 38.97 6.62 (2.29 , 14.87)
P6 19.25 , 86.49 7.40 , 30.53 3.29 , 9.81 6.94 , 38.61 6.59 (2.22 , 15.52)
P7 19.48 , 87.14 7.41 , 30.74 3.28 , 9.64 7.06 , 38.79 6.68 (2.25 , 15.90)
P8 19.00 , 85.80 7.62 , 30.42 3.24 , 9.39 7.12 , 37.57 6.66 (2.25 , 16.17)
P9 16.16 , 75.35 6.56 , 26.93 2.87 , 8.68 6.60 , 32.65 6.46 (2.18 , 15.34)
P10 18.74 , 78.73 7.52 , 32.28 2.96 , 9.10 7.80 , 37.17 7.08 (2.46 , 15.88)
814
815 Table 5. Wave power seasonal variability at each point, with the minimum and maximum winter (PWI), spring 
816 (PSP), summer (PSU) and autumn (PAU) values in the 58-year period, and ratios between the most and the less 
817 energetic seasons in the same year (PS1/ PS4), where the first value indicates the average of the 58 years and the 





Emax (GW h) Emin (GW h) Emax/Emin Emax (GW h) Emin (GW h) Emax/Emin
P1 1.32 0.77 1.71 20.37 11.97 1.70
P2 1.34 0.79 1.70 20.70 11.95 1.73
P3 1.28 0.73 1.75 20.78 11.56 1.80
P4 1.12 0.60 1.87 18.88 11.22 1.68
P5 1.21 0.64 1.89 20.31 12.01 1.69
P6 1.16 0.64 1.81 20.47 12.07 1.70
P7 1.11 0.61 1.82 19.83 11.71 1.69
P8 1.06 0.59 1.80 19.09 11.28 1.69
P9 0.96 0.55 1.75 18.19 10.88 1.67
P10 0.97 0.56 1.83 18.18 10.15 1.79
822
823 Table 6. Energy output variability at each point in the 58-year period for the two studied WECs (Pelamis and 
824 Wave Dragon), including the maximum (Emax) and minimum (Emin) annual values and the ratio between them 
825 (Emax/Emin).
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